1. Introduction {#sec1-molecules-24-02213}
===============

Phytochemicals are naturally occurring bio-active compounds which are produced by plants. They are involved in modulating metabolic pathways and are not only significant for conferring various health-promoting effects but also for being effective against several diseases including neurodegenerative and neuropsychiatric disorders \[[@B1-molecules-24-02213],[@B2-molecules-24-02213]\]. They exhibit various pharmacological properties, such as anti-oxidant, anti-aging, anti-cancer, anti-hyperglycemic, and anti-bacterial behaviors, and many others \[[@B3-molecules-24-02213],[@B4-molecules-24-02213]\]. Among these activities, anti-inflammatory and anti-oxidative properties are more prominent. Moreover, these compounds can ameliorate the pathogenesis of various neurodegenerative diseases (NDDs) such as Alzheimer's disease (AD) and Parkinson's disease (PD) \[[@B2-molecules-24-02213],[@B5-molecules-24-02213]\]. The major classes of phytochemicals include alkaloids, flavonoids, terpenes, and tannins. Here, we will discuss only tannins in detail.

Tannins, which are polyphenol compounds, are a diversified group of phytochemicals with many health-related beneficial effects \[[@B6-molecules-24-02213]\]. They are mostly found in vegetables and fruits and are therefore consumed vastly on a daily basis with different consumption rates from region to region. Reported ingestion of tannins in Indian regions ranges from 1.5--2.5 g/day \[[@B7-molecules-24-02213]\] and about 1 g/day in the USA \[[@B8-molecules-24-02213]\]. They have a molar mass of up to 20000 D and their chemistry varies depending on their source. Their distribution and concentration are highly different in the different parts of a plant, such as in the leaves, roots, seeds, and fruits. Tannins are a white or light-yellow amorphous powder and exhibit an astringent taste with a strange smell. Tannins have attracted the attention of the scientific community for their beneficial effects owing to their anti-oxidative capacity. This is a highly valuable property as it can reduce oxidative damage that is a major hallmark of almost every disease.

2. Health Benefits of Tannins {#sec2-molecules-24-02213}
=============================

Tannins are biologically potent compounds in relation to the regulation of health-associated aspects of all living beings, including humans. They can be effective in the treatment of various diseases by virtue of the multitude of their beneficial activities \[[@B9-molecules-24-02213]\]. These properties include anti-inflammatory \[[@B10-molecules-24-02213]\], anti-oxidative \[[@B11-molecules-24-02213]\], anti-convulsant \[[@B12-molecules-24-02213]\], and antitumor \[[@B13-molecules-24-02213]\] behaviors, as well as many others. Importantly, they have been shown to be effective in the pathogenesis of various NDDs such as AD, PD, and multiple sclerosis (MS) \[[@B14-molecules-24-02213],[@B15-molecules-24-02213],[@B16-molecules-24-02213]\]. In normal physiological processes and during cell metabolism, reactive oxygen species (ROS) and free radicals are produced which, under certain conditions, can cause various diseases like cancer, diabetes, cardiovascular diseases, stroke, PD, and AD \[[@B17-molecules-24-02213]\]. Both endogenous and exogenous antioxidants try to maintain redox homeostasis by detoxification and scavenging of ROS or by blocking ROS production \[[@B18-molecules-24-02213],[@B19-molecules-24-02213]\]. They can accelerate blood clotting, reduce blood pressure, decrease serum lipid levels, and inhibit the activity of gastrointestinal nematodes \[[@B20-molecules-24-02213]\]. They are protective against cardiovascular diseases by inhibiting platelet aggregation \[[@B21-molecules-24-02213]\]. They exhibit the potential to cure non-insulin dependent diabetes mellitus by inhibiting adipogenesis and increasing glucose uptake \[[@B22-molecules-24-02213]\]. Moreover, their anti-carcinogenic capability in the digestive tract and inner organs has also been reported. They have also been used for the treatment of diarrhea, dysentery, hemorrhoids, and throat infections \[[@B23-molecules-24-02213]\].

Natural products endure a promising source of tannins with biochemical specificity and diverse molecular characteristics which make them appropriate for the accent of multiple signaling pathways in the plethora of different pathological conditions including NDDs \[[@B24-molecules-24-02213],[@B25-molecules-24-02213]\]. The protective role of tannins in NDDs is described in the following sections along with possible underlying mechanisms. The health-promoting effects of tannins are highlighted in [Figure 1](#molecules-24-02213-f001){ref-type="fig"}.

3. Classification of Tannins {#sec3-molecules-24-02213}
============================

Tannins are categorized into various classes depending upon their chemical structure and nature of the functional group. Chemical and physical properties of these classes of tannins are also different. They are soluble in glycerol, alcohol, acetone, and water. They are dark brown, brown, and/or reddish in color with a puckering and bitter taste, and are non-crystalline. Chemically, tannins can react with salts and are considered strong anti-oxidants. Due to their structural diversity, a systemic classification of tannins is done on the basis of chemical properties and specific structural characteristics \[[@B26-molecules-24-02213]\].

Tannins are classified into two major classes: pseudo tannins and true tannins. True tannins are complex phenolic compounds and may be further sub-classified into complex tannins, condensed tannins (CTs), and hydrolysable tannins (HTs). Hydrolysable tannins are the major polyphenols generally found in pomegranate juice which account for about 90% of its antioxidant activity; hydrolysable tannins are further classified into ellagitannins (ETs) and gallotannins \[[@B27-molecules-24-02213]\]. Moreover, the classification of tannins is given in the [Figure 2](#molecules-24-02213-f002){ref-type="fig"}.

Different types of tannins are present in edible plants, fruits, and vegetables. Depending upon their occurrence ratio in these sources, their consumption rate is highly diversified, as discussed above. The classification and sources of different tannin groups are given in [Table 1](#molecules-24-02213-t001){ref-type="table"}.

4. Neurodegenerative Diseases {#sec4-molecules-24-02213}
=============================

Neurodegeneration is the progressive loss of neuronal cells in certain regions of the brain. Brain ailments fall amongst the chief clinical problems both in developed and developing countries \[[@B41-molecules-24-02213]\]. The majority of NDDs share some common characteristics such as incurable damage to various cell types including astrocytes and microglial activity \[[@B2-molecules-24-02213],[@B42-molecules-24-02213]\]. In these diseases, proteins with altered physicochemical properties are accumulated in the brain. This phenomenon not only affects the neurons but also the glial cells \[[@B42-molecules-24-02213],[@B43-molecules-24-02213]\]. The common pathological pathways involved in NDDs are somewhat similar or dissimilar but eventually cause the altered functioning of neuroglia cells and ultimately neuronal demise. While investigating the pathophysiology of these diseases, neuroscientists have explored numerous underlying pathways such as impaired calcium homeostasis, abnormal functioning of astrocytes, oxidative stress, and neuro-inflammation. All of these underlying pathways collectively lead to neuronal cell death when altered and this neurodegeneration is defined under the umbrella of NDDs. Despite extensive research towards understanding and developing novel approaches against NDDs, modern advancement in therapeutic intervention is still far behind in providing an effective treatment for these ailments. Interestingly, phytochemicals have successfully drawn the attention of researchers, who have explored their positive aspects against these diseases \[[@B43-molecules-24-02213]\]. The major contributors in the pathogenesis of NDDs are illustrated in [Figure 3](#molecules-24-02213-f003){ref-type="fig"}.

4.1. Alzheimer's Disease and Its Pathogenesis {#sec4dot1-molecules-24-02213}
---------------------------------------------

Alzheimer's disease, a chronic degenerative disease of the brain, is the most common cause of dementia. It is a syndrome with a wide range of symptoms including difficulties of language, memory, problem-solving, and various other cognitive skills. In the pathogenesis of AD, neuronal cells or synapses in the cerebral cortex and certain subcortical regions are destroyed \[[@B44-molecules-24-02213]\]. Moreover, pathogenesis involves the progressive attenuation of memory, learning, and cognitive functions \[[@B45-molecules-24-02213]\] caused by the aggregation of amyloid-β (Aβ) peptide, tau protein hyperphosphorylation, and eventually oxidative stress \[[@B46-molecules-24-02213]\]. During disease progression the affected areas exhibit deposition of senile plaques mainly composed of Aβ peptides. Additionally, gamma-secretase-mediated sequential cleavages of the amyloid precursor protein (APP) and β-secretase (beta-site amyloid precursor protein cleaving enzyme (BACE)) also generate Aβ40/42 \[[@B47-molecules-24-02213],[@B48-molecules-24-02213],[@B49-molecules-24-02213]\]. In most NDDs, aggregated proteins are considered the prime factors involved in neuronal cell death. Two types of protein aggregation appear in AD: insoluble extracellular aggregates mainly formed by hyperphosphorylation of tau protein (tau) and insoluble extracellular aggregates resulting from Aβ peptides. Thus, all of these factors flare up the pathological process of AD, ultimately resulting in reduced synaptic transmission and exaggerated neuronal loss. Furthermore, the pathophysiology of NDDs coincides with alterations at the cellular level, followed by the dysfunctional voltage-gated ion channels. On these grounds, it can be stated that the brain's electrical activity alters significantly because of these factors in AD \[[@B50-molecules-24-02213],[@B51-molecules-24-02213],[@B52-molecules-24-02213]\]. Despite the high prevalence of this disease, available treatments are still unable to significantly obstruct the progression of disease and offer only a small window of symptomatic benefit \[[@B53-molecules-24-02213]\].

4.2. Parkinson's Disease and Its Pathogenesis {#sec4dot2-molecules-24-02213}
---------------------------------------------

Parkinson's disease is a sporadic progressive NDD with an unestablished etiology. It is manifested by functional deficits of dopamine in the substantia nigra (SN). Amongst several causes, head trauma, inflammation, oxidative stress, accumulation of free radicals and exposure to environmental toxins are taken as the important mediators of this disease. It has been stated that cognitive impairment and depression also occur, followed by the degeneration of neural cells \[[@B54-molecules-24-02213],[@B55-molecules-24-02213]\]. Symptoms of PD may include resting tremors, rigidity, slowness of movement (bradykinesia) with difficulty in walking, postural instability, and behavioral problems \[[@B56-molecules-24-02213]\]. Microglial activation and neuro-inflammation are also associated with the pathogenesis of PD. Oxidative stress induced by nitric oxide (NO), ROS, and decreased mitochondrial activity are also considered major players that are essentially involved in the pathogenesis of PD \[[@B57-molecules-24-02213]\]. Microglial activation leads to the formation of cytotoxic factors including NO, tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β), and hence can cause neurodegeneration \[[@B58-molecules-24-02213]\]. Some of the major underlying mechanisms involved in neuronal cell death and associated NDDs are shown in [Figure 4](#molecules-24-02213-f004){ref-type="fig"}.

4.3. Depression and Its Pathogenesis {#sec4dot3-molecules-24-02213}
------------------------------------

Depression is a mood disorder with a multitude of signs, symptoms, and causes. It is one of the most prevalent diseases affecting the population. It is a life-threatening and disabling illness which recruits several pathological pathways that may lead to neurodegeneration. Although mood disorders are not typical neurodegenerative diseases, studies have shown that reduced neurogenesis and neuroplasticity may occur \[[@B59-molecules-24-02213]\]. The general symptoms of depression include weight loss, disturbance of sleep cycles, irritability, anger, self-loathing, and loss of energy. There are many types of depression depending upon the causes, symptoms, and underlying molecular pathways. In a subject suffering from major depressive disorder (MDD), abnormalities in the GABAergic amino-acid neurotransmitter (AANt) and glutamatergic neurotransmission system have been observed. Similarly, the role of glial cells in regulating both of these neurotransmission systems seems chiefly relevant to the pathological processes of mood disorders. More precisely, the compromised functions of glial cells are speculated to upregulate glutamatergic activation, particularly at extrasynaptic spaces which have been revealed to play a neurotoxic role \[[@B60-molecules-24-02213]\]. Moreover, neuro-inflammation also contributes to the pathogenesis of depression on a very broad scale. The key factor underlying depression and neuro-inflammation lies within the dysregulation of production and discharge of both pro-inflammatory and anti-inflammatory cytokines. This can come from sources either external or internal to the concerned system \[[@B61-molecules-24-02213]\]. Oxidative stress is another potent mediator of depression via multiple aspects. Increased ROS and reactive nitrogen species (RNS) resulting from elevated levels of oxidative stress cause severe damage to the nucleotides of deoxyribonucleic acid and alter production of neurotransmitters. They also cause oxidation of glycine and thereby flare up the progression of depression \[[@B62-molecules-24-02213]\].

5. Tannins and Their Neuroprotective Functions {#sec5-molecules-24-02213}
==============================================

Tannins are biological molecules with numerous pharmacological properties, including, in particular neuroprotection. They ameliorate the symptoms of AD and PD by retarding their pathogenesis through the attenuated production of various cytotoxic factors. As in case of AD, gallotannins hinder the accumulation of Aβ peptides and thereby offer a protective role against the disease's pathogenesis and progression. [Figure 2](#molecules-24-02213-f002){ref-type="fig"} illustrates the general mechanistic approaches of tannins against AD and PD. Moreover, a detailed description of their mechanism has been discussed in the following sections.

5.1. Pseudo Tannins {#sec5dot1-molecules-24-02213}
-------------------

Pseudo tannins, which are low molecular weight compounds, are naturally found in catechu, tea, coffee, and *Strychnos Nux. Vomica* (*S. Nux. Vomica*). These compounds are different from CTs and HTs due to their chemical characteristics. For example, they do not change their color while undergoing a goldbeater's skin test as the other previously mentioned classes do \[[@B63-molecules-24-02213]\]. Neuroprotective properties of pseudo tannins are a prominent point of discussion. The protective role of pseudo tannins in AD is described below.

### Pseudo Tannins in Alzheimer's Disease

It is a well-established fact that the pathological pathways of AD are very complex and their regulation in multiple dimensions has made them difficult to take over, due to which AD remains incurable till date. This class of tannins exhibits a protective role in AD. One of the chief sources of pseudo tannins is *S. Nux. Vomica* and this is highly effective against AD. In this aspect, it can check the rate of progression by up-regulating the acetylcholine (Ach) binding to its receptors and thereby stimulating the neurotransmission \[[@B28-molecules-24-02213]\]. There is a great dearth of data regarding the neuroprotective effects of pseudo tannins and further research is crucially needed to elaborate on the role of pseudo tannins against NDDs, and especially AD.

5.2. True Tannins {#sec5dot2-molecules-24-02213}
-----------------

This group of tannins is divided into different subclasses depending upon the structural and functional qualities that are described below.

### 5.2.1. Complex Tannins {#sec5dot2dot1-molecules-24-02213}

Complex tannins are a subclass of true tannins with flavone as the basic unit. They are predominantly found in legumes, nuts, corn, rice, and tea. They are formed by the combination of an ellagitannin or gallotannin unit and catechin \[[@B27-molecules-24-02213]\]. Regarding their health promoting benefits, including mainly their neuroprotective effects, there is a scarcity of data and extensive research is suggested.

### 5.2.2. Condensed Tannins {#sec5dot2dot2-molecules-24-02213}

Condensed tannins (CTs) are polymers that are produced by the condensation of flavans. They are also called proanthocyanidins. They are the polymers of flavan-3-ol and are eminent naturally occurring antioxidants. Condensed tannins are polyphenols in nature and are found in fruits, seeds, nuts, vegetables, bark, flowers, red wine, and black tea \[[@B64-molecules-24-02213]\]. These compounds are described as strong anti-oxidants as they can scavenge free radicals and ameliorate damage associated to free radicals' associated \[[@B65-molecules-24-02213]\]. Their effective role in attenuating the pathogenesis of AD and PD is described here.

#### Condensed Tannins in Alzheimer's disease

The CTs are believed to play pivotal roles in slowing the advancement of NDDs; including AD and PD. Increased oxidative stress is considered a major hallmark underlying these brain ailments. These compounds are taken as crucial factors than can halt the pathogenesis of various NNDs through their multiple domains. Condensed tannins have been found to exhibit anticholinesterase activity and portray their neuroprotective effects in AD \[[@B29-molecules-24-02213],[@B30-molecules-24-02213]\].

#### Condensed Tannins in Parkinson's disease

The CTs have also been described as potent remedial agents which arrest the progress of PD in different ways. They exhibit anti-oxidative properties owing to their capability of scavenging free radicals and thus helping to retard the pathogenesis of PD \[[@B66-molecules-24-02213]\]. As CTs are the richest sources of polyphenols, most of their activities are derived from polyphenolic compounds. Among the various plant sources of CTs, one of the rich plant sources, *Myracrodruon urundeuva* (SEMU), exhibits neuroprotective properties in the case of PD. According to an available study, PD pathogenesis was significantly improved with reduced brain lesions in a 6-hydroxydopamine (6-OHDA) induced AD model. Moreover, the number of viable neurons was also increased. The 6-OHDA acts as an inhibitor of mitochondrial respiratory chain complex I and is widely used for inducing a nigrostriatal lesion \[[@B31-molecules-24-02213],[@B32-molecules-24-02213]\]. Although various studies have been conducted to evaluate the neuroprotective roles of CTs, further work is needed to explore their activities and underlying mechanisms. Different mechanisms of CTs involved in the protection of NDDs, such as AD and PD, are presented below in [Figure 5](#molecules-24-02213-f005){ref-type="fig"}.

### 5.2.3. Hydrolysable Tannins {#sec5dot2dot3-molecules-24-02213}

The HTs are an important class of tannins with polyhydric alcohol as a core part of their structure. They contain gallic acid in their structure and are a type of phenolic acid. There are two further subdivisions of HTs: ellagitannins and gallotannins. The HTs are found in terrestrial plants, bananas, grapes, and other fruits as well \[[@B67-molecules-24-02213],[@B68-molecules-24-02213]\]. Regarding the intended general health properties of HTs, they are described as anti-inflammatory, anti-oxidant, and anti-angiogenic agents. Their health-related properties may be associated with their polyphenolic constituents, such as Gallic acid. The anti-oxidative property of HTs is helpful in tapering the oxidative stress related to neuron damage. Moreover, it also inhibits the free radicals' production along with oligomerization of Aβ in case of AD and improves cognitive functions. It can be stated that HTs have potent therapeutic effects for AD but further research is required to give detailed insights \[[@B69-molecules-24-02213]\].

With regards to the role of HTs in NDDs, they prevent both memory and dopaminergic neuronal loss in SN and reduce the level of apoptosis in the hippocampus \[[@B70-molecules-24-02213]\]. The alpha-synuclein (α-Syn) heaps are the chief constituent of Lewy bodies and represent the specific pathological features of PD. Interestingly, gallic acid from the HTs is positively associated with the degradation of α-syn in PD \[[@B71-molecules-24-02213]\]. In oxidative stress, the oxidation of dopamine generates ROS and an unbalanced production of ROS induces neuronal damage, finally leading to neuronal cell death. Gallic acid and its derivatives act as potent antioxidants and free radical scavengers. Thus, they help to ameliorate the motor dysfunctions associated with PD by their anti-oxidative capability \[[@B72-molecules-24-02213]\].

#### Ellagitannins

Ellagitannins, a diverse class of HTs, are polyphenols and are diverse in nature. These compounds hydrolyze into ellagic acid (EA) under in vivo physiological conditions. This EA is metabolized gradually by intestinal microbiota. It is present in seeds (pomegranates), nuts, some berries (strawberries, black raspberries, and raspberries), almonds, and walnuts. Both ETs and EA exert countless health-promoting effects. According to some studies, ET- and EA-rich food intakes can protect against some chronic diseases \[[@B73-molecules-24-02213],[@B74-molecules-24-02213]\].

For instance, a plant named *Terminalia chebula* Retz (*T. chebula*), a major source of CTs, ETs, and polyphenols, has been reported for its anticholinesterase, anti-inflammatory, and antioxidant properties against AD. It has been reported that methanolic extract of *T. chebula* exhibits inhibitory effects on AChE which in turn leads to Ach accumulation in the synaptic cleft and thereby helps in accelerating neurotransmission \[[@B33-molecules-24-02213]\]. Similar effects have been reported by other studies and this effect is considered a result of ETs and EA presence in *T. chebula* \[[@B35-molecules-24-02213],[@B75-molecules-24-02213]\]. Moreover, the anti-inflammatory activities of *T. chebula* have also been reported. It works by inhibiting inflammatory enzymes' activity, such as that of 5-lipoxygenase (5-LOX) and cyclooxygenase (COX). Similar studies support the fact that ethanolic extract of *T. chebula* inhibits both of these enzymes' activity \[[@B33-molecules-24-02213],[@B75-molecules-24-02213]\]. In this aspect, *T. chebula* has been found to exert strong anti-oxidant activity and free radicals' scavenging capability. It also protects neuronal loss by maintaining the levels of brain-derived neurotrophic factor (BDNF) and superoxide dismutase (SOD) \[[@B33-molecules-24-02213],[@B76-molecules-24-02213]\]. Based on these facts, one can conclude that ETs and EA from plant sources can serve as a potential treatment strategy for AD and further work for therapeutic benefits is strongly suggested.

The ETs are also involved in providing neuroprotection against PD. The pomegranate, a primary source of ETs, acts as an inhibitor of inflammatory mediators such as tumor necrosis factor receptor 6 (TRAF-6) and other pro-inflammatory cytokines including IL-6 and TNF-α. Thus, it helps to ameliorate the pathogenesis of PD by inhibiting neuro-inflammation \[[@B36-molecules-24-02213]\]. With regard to its anti-oxidative property, it also inhibits the production of free radicals including RNS and ROS \[[@B36-molecules-24-02213]\]. Thus, pomegranates can help in the attenuation of PD pathogenesis. Moreover, berry fruits, another prime source of ETs, also help to improve both cognitive and motor functions in PD. They do so by the modulation of signaling pathways involved in neurotransmission, cell survival, and upregulated neuroplasticity \[[@B77-molecules-24-02213]\]. Similarly, strawberries also inhibit inflammation mediating enzymes, including COX-1 and COX-2 \[[@B37-molecules-24-02213],[@B78-molecules-24-02213],[@B79-molecules-24-02213]\]. Thus, in the light of these facts, it can be concluded that ETs exhibit the ability to overcome the pathological pathways of PD, but future studies are strongly needed to elaborate on their therapeutic effects. The mechanisms involved in the neuroprotection by ETs against AD and PD have been shown in [Figure 6](#molecules-24-02213-f006){ref-type="fig"}.

#### Gallotannins

Gallotannins, another subclass of HTs, consist of a sugar moiety and a gallic acid unit. They are polymers of galloyl units bounded with diverse polyol units \[[@B80-molecules-24-02213]\]. Gallotannins and its derivatives exert neuroprotective effects.

#### Gallotannins in Alzheimer's disease

Since oxidative damage is a foremost mediator of neuronal death in NDDs, antioxidants are considered the prime factor amongst other therapeutics. Similarly, owing to their antioxidant properties, tannins appear to be a beneficial candidate for neuroprotection. Likewise, gallotannins purified from oak galls exhibit strong anti-oxidative activity leading to neuronal survival. Furthermore, in relation to NDDs such as AD, gallotannins have been found to downregulate Aβ deposition through decreasing β-carboxyl cleavage from the APP, thereby helping to control neuro-inflammation. Interestingly, tannic acids/gallotannins not only restrict the formation of Aβ42 but also destabilize the already formed Aβ42 in AD \[[@B38-molecules-24-02213],[@B39-molecules-24-02213],[@B40-molecules-24-02213]\]. From these factors, the gallotannins group appears to be a potential candidate for neuroprotection in AD. Although a few of the underlying mechanisms have been described, concerned data for concise or discursive pathways leading to neuroprotection is still lacking. Hence, further research is highly needed to sow the seeds for more reliable data for therapeutic interventions.

5.3. Tannic Acid in Depression {#sec5dot3-molecules-24-02213}
------------------------------

Tannic acid is a polyphenolic compound and is one of the most important types of the tannins. It acts as a weak acid and is found in the nutgalls formed by insects on twigs of certain oak trees (*Quercus infectoria* and other Quercus species). This compound is described as a strong antidepressant due its activity in reducing neurodegeneration and inhibiting monoamine oxidase \[[@B81-molecules-24-02213]\]. Depression is a common psychiatric disorder affecting a large number of people. It is often difficult to diagnose its causes, making it also difficult to properly and efficiently treat depression. It is a long-lasting illness that disturbs a person's mood, thoughts, and physical attitude, ultimately leading to a vicious cycle of severe depression \[[@B82-molecules-24-02213]\]. Many plants and formulations have been used to treat depression for thousands of years. Thus, plant-originated compounds open a new window into the treatment of depression. The water extract of the plant named *Terminalia chebula* contains tannins and phenolic contents. This water extract has good antioxidant activities and has the potential to treat depression \[[@B83-molecules-24-02213]\]. This antidepressant property might be attributed to the presence of tannic acid in the extract. Tannic acid has been shown to be a non-selective inhibitor of monoamine oxidase, and, hence, it increases the levels of monoaminergic neurotransmitters in the brain. The polyphenols and tannic acid present in *Terminalia chebula* have an ability to attenuate the oxidative stress during depression.

*Terminalia catappa* L. (TC) belongs to the Combretaceae family and is used as folk medicine in many regions of the world. Its supplementation can suppress stress and depression by regulating monoamine neurotransmitters, BDNF, CREB, AchE, and cortisol levels, as well as by tempering oxidative stress. Hence, TC can be used as a complementary medicine against depression-like disorders \[[@B84-molecules-24-02213]\]. Numerous antidepressants like selective monoamine reuptake inhibitors, serotonin reuptake inhibitors, and monoamine oxidase inhibitors have been used to treat depression. Unfortunately, synthetic antidepressants exhibit adverse effects, and, therefore, have very limited application \[[@B85-molecules-24-02213]\]. With this in mind, the development of herbal-based drugs for the treatment of depression which have comparatively less or no side effects compared to synthetic anti-depressants is necessary \[[@B86-molecules-24-02213]\]. Supplementation of TC successfully reduces monoamine oxidase-A (MAO-A) and monoamine oxidase-B (MAO-B) activities. Thus, TC bestows antidepressant-like effects via inhibition of MAO's activity in the hippocampus, which then regulates the monoamine neurotransmitter levels \[[@B84-molecules-24-02213],[@B87-molecules-24-02213]\].

6. Negative Effects of Tannins on Health {#sec6-molecules-24-02213}
========================================

In this review, we have highlighted the neuroprotective roles of tannins in NDDs and have also elaborated on different underlying mechanisms. Although in recent years tannins have begun to reveal their positive aspects to scientists, but compounds have also been reported for their hazardous effects on human health. Overdoses of tannic acids can exert side effects, including nausea, stomach irritation, and liver damage. Similarly, higher consumption of tannins from herbs, such as betel nuts and herbal teas, has been reported to result in an elevated chance of developing throat and oesophageal cancer, but other reports have also demonstrated that the carcinogenic activity of these tannins are due to other components associated with the tannins rather than tannins themselves \[[@B88-molecules-24-02213]\]. Moreover, a high dose of tannins leads to excessive astringency on the mucous membrane, and, thus, it causes irritating effects. This probably involves the underlying mechanism of adding milk into tea, whereby the tannins bind with the milk protein instead of binding with the gut wall. Chronic intake of high levels of tannins is also associated with the onset of constipation \[[@B89-molecules-24-02213]\]. Furthermore, chronic high intake of tannins inhibits the activity of digestive enzymes, i.e., mainly the membrane-bounded enzymes present on the mucosa of the small intestine \[[@B6-molecules-24-02213]\]. In the light of these facts, it may be concluded that tannins can exhibit harmful effects on human health despite their enormous beneficial effects. Further studies are needed to circumvent these reported adverse effects of tannins to get most out of these regarding widely reported beneficial effects, especially for NDDs.

7. Conclusions and Future Perspectives {#sec7-molecules-24-02213}
======================================

Tannins are water-soluble polyphenols that are present in many plants. They are biologically active compounds that exhibit an influential role in the modulation of physiological aspects of well-being. They not only promote general well-being owing to their health-promoting effects on the living system but at the same time, they inhibit innumerable underlying pathological mechanisms involved in the progression of various diseases. Recent scientific literature supports the conclusions that neurodegenerative diseases are accompanied by oxidative stress, inflammation, aberrant protein accumulation, and mitochondrial dysfunctions. Moreover, these pathological changes lead to disturbed physiological mechanisms which contribute to the etiology of NDDs like PD and AD, and to some extent depression. Therefore, the objective approach behind the term neuroprotection is to restrict the pathological pathways leading to neuronal damage at the molecular level, including neuro-inflammation, oxidative stress, aberrant cellular signaling, mitochondrial dysfunction, and protein aggregation. In this regard, the pivotal neuroprotective effects of tannins are related to their capacity to act as free radical scavengers and to activate the antioxidant system in the body, thereby including protection against neurotoxins and oxidative-stress-induced neuronal damage, neuronal inflammation, and some other factors. Keeping all of these facts in mind regarding neuroprotection, this review has highlighted all of the possible physiological roles of tannins. Despite a huge volume of literature regarding polyphenols, including tannins, their biological effects are still in question due to their dubious bioavailability. The prevention and treatment of NDDs with complex mechanisms need novel targeted therapeutic strategies and future tannin research must target the elaboration of these described benefits at the subcellular and molecular levels to obtain clinical acceptance of all their health-promoting benefits from in vitro, animal model, and preclinical studies. Furthermore, tannins must be probed in depth regarding their risk assessment and safety evaluation in relation to their future pharmacological use in neurodegenerative diseases.
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molecules-24-02213-t001_Table 1

###### 

Classification, sources and neuroprotective roles of tannins.

  ------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------
  **Tannins**               **Classes**                                                                                                                                                          **Sub-Classes**                                                                                                                              **Mechanism of Action in NDDs**

  **Alzheimer's Disease**   **Parkinson's Disease**                                                                                                                                                                                                                                                                                           

  **Pseudo tannins**        ---                                                                                                                                                                  Stimulate neurotransmission and upregulate Ach binding with receptors \[[@B28-molecules-24-02213]\].                                         ---

  **True tannins**\         Complex tannins                                                                                                                                                      ---                                                                                                                                          ---

  Condensed tannins         Exhibit anti-chE activity \[[@B29-molecules-24-02213],[@B30-molecules-24-02213]\].                                                                                   Anti-oxidants (free radicals scavengers) and attenuate neuronal loss \[[@B31-molecules-24-02213],[@B32-molecules-24-02213]\].                

  Hydrolysable tannins      Ellagitannins                                                                                                                                                        Inhibit AChE, COX, and LOX activity, free radicals' scavengers,\                                                                             Attenuate neuro-inflammation, inhibit IL-6, TNF-α, TRAF-6, ROS, and RNS \[[@B36-molecules-24-02213]\].\
                                                                                                                                                                                                 maintain BDNF and SOD levels, attenuate neuronal damage \[[@B33-molecules-24-02213],[@B34-molecules-24-02213],[@B35-molecules-24-02213]\].   Upregulate neuroplasticity \[[@B37-molecules-24-02213]\].

  Gallotannins              Attenuate oxidative stress, Aβ formation and deposition, and neuro-inflammation \[[@B38-molecules-24-02213],[@B39-molecules-24-02213],[@B40-molecules-24-02213]\].   ---                                                                                                                                          
  ------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------

Abbreviations: Acetylcholine (Ach), Acetylcholinesterase (AchE), Tumor necrosis factor-α (TNF- α); Interleukin-6 (IL-6), Tumor necrosis factor receptor- 6 (TRAF-6), Anticholinesterase (Anti-chE), Amyloid-β (Aβ), Cyclooxygenase (COX), Lipooxygenase (LOX), and Brain-derived neurotropic factor (BDNF), and Superoxide dismutase (SOD).
